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Abstract: In Finland, while total agricultural production has remained relatively constant, nutrient
input from industrial mineral fertilizers has declined over the past 20 years, which has been the
target of environmental policies due to eutrophication risks. From 1996 to 2014, the use of nitrogen
(N) declined by 18%, phosphorus (P) by 49%, and potassium (K) by 49%. However, at the same
time, the international agricultural products trade has increased dramatically by mass (58%), and
Finland has increased imports of food and feed products, such as, protein feeds, vegetables, and
fruits. We analyzed the nutrient contents of foreign trade from 1996 to 2014 by using a substance flow
analysis. We discovered that, when comparing nutrients contained in trade to the use of fertilizers,
the trade of food and feed accounts for more than one-third (40%) of the fertilizer input to the Finnish
food system. In 2014, 53 Gg of N, 8 Gg of P, and 15 Gg of K were imported due to trade, equating to
35%, 70%, and 45%, respectively, compared to the use of fertilizers in the food system. Declines in
fertilizer inputs to crop production are partially offset by flows of plant nutrients from feed imports.
In formulating agri-environmental policies targeting nutrient loading, more attention should be paid
to national imports–export balances and, especially, to the spatial distribution of flows in feed trade.
Keywords: substance flow analysis; Baltic Sea; trade; eutrophication; agriculture; animal production
Highlights:
• Trade is a significant material flow that transports nutrients between countries within the food
and feed products.
• The net flow of nitrogen, phosphorus, and potassium has grown to Finland from 35%, 30%,
and 30% over 1996–2014.
• In the period, the cumulative net balance of nutrients contained in trade (419 Gg nitrogen) is of
the same magnitude as the reductions in nitrogen fertilizer use (449 Gg nitrogen).
• The trade balance of plant nutrients in animal feeds needs to be included in the assessment of
nutrient loading potentials.
1. Introduction
Nitrogen (N), phosphorus (P), and potassium (K) are macronutrients that are basic elements,
often limiting the growth of primary production in ecosystems. Baseline natural nutrient cycles
provide key ecosystem inputs. However, for agricultural production purposes, these inputs have
been significantly increased by human-induced action. As an example of scale, it is estimated that
the human modification of the N cycle globally is almost half, 210 Tg (teragrams) N year−1, of the
total 413 Tg of reactive N in the geophysical N cycle [1]. It is suggested that the human economy
oversteps the boundary of the sustainable use of N nearly two-fold and that the planet has entered a
new geological era, the Anthropocene, where human activity is a major driving force in geophysical
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cycles of inputs that are crucial to ecosystems [2–5]. The two greatest pathways by magnitude to
convert N to its reactive form are N fixed industrially and N fixed by leguminous crops, which are
primarily used in agriculture for their fertilizing effect. The local and global growth of agricultural
nutrient inputs drive considerable changes in freshwater ecosystems [6]. It has been stated that over
the coming decades there will not be a shortage of plant nutrients [7,8]; even phosphorus is estimated
to suffice in 200 to 1000 years [9]. Instead, leakages of nutrients in the forms of loading to waterways
and, in the case of N, emissions to the air, will remain the main concerns [6].
Excessive nutrient leakage leads to eutrophication, which can be characterized as a local or
regional environmental degradation where a waterbody is enriched by dissolved nutrients. These can
modify the local ecosystem and ultimately lead to the depletion of dissolved oxygen by the excess
growth of aquatic plant life [10]. Eutrophication is a global environmental issue with local and regional
impacts. Already in 2013, there were 762 globally reported cases of eutrophication, hypoxia, or algae
blooms [11,12]. Excess nutrients are regional and local issues, and it is essential to analyze and address
these issues with regional and local contexts. In the Baltic Sea, the losses from production systems to the
watershed has caused an ecosystem change. In this watershed, human actions have been the leading
causes of environmental degradation for the last 50 years; for example, the oxygen-deficient area has
expanded from 5000 km2 to 60,000 km2, despite continuous efforts to minimize further nutrient loads
in the last two decades [13–15].
The current level of nutrient leakage is over the boundary of the sustainable use of nutrients in
Finland and the Baltic Sea region. The eutrophication of the Baltic Sea was noted in the early 1980s, which
was, in part, because of anthropogenic nutrient loading [16]. In 1988, actions to reduce nutrient loading
in the order of magnitude 50% reduction were decided by Helsinki Commission (HELCOM) Ministerial
Declaration. In 2007–2011 eutrophication assessment, the open Baltic Sea was in an unacceptable
eutrophication status and also the Bothnia Bay was classified to be affected by eutrophication [15].
In order to reduce nutrient loading, several policies, such as the Finnish Agri-Environmental Programs
(FAEP) in 1995, the Nitrates Directive (91/676/EEC), the Water Framework Directive (2000/60/EC) and
the EU Fertilizing Products Regulation (2019/1009) for agriculture, were introduced. For example, since
the 1970s, the maximum allowed P use had been reduced from 60 to 30 kg ha−1 today [17]. The national
sewage treatment discharge legislation “Vesioikeuden jätevesienlaskulupa” (SDK 264/1961) and later
SDK 587/2011, which is more stringent than EU Water Framework Directive 2000/60/EC, was a key
restriction to industry and water treatment facilities. Despite these successful policies, the actual total
nutrient load has not yet reached the targets [18,19].
Agricultural nutrient losses remain a significant nutrient input to the Baltic Sea. In 2000−2010, the
estimated load in the Baltic Sea for Finland averaged 77 Gg N year−1 and 3 Gg P year−1, respectively,
of which 5% of N and P was from waterborne point source discharge [19]. For agricultural nutrient
losses embedded in the total load, there is considerable uncertainty, because the direct measurement
of nutrient losses is impractical, as the losses are non-point sources and many unknowns persist.
However, current trade statistics offer a way of measuring input flows over the border of countries,
which allows detailed analysis of the movement of nutrient inputs and outputs by trade over time.
Finland is one of the most Northern countries (between 60◦ N and 70◦ N latitudes), where
agricultural production can provide its citizens most of the agricultural products used in consumption.
An overview of Finnish agriculture and forestry can be found, for example [20–22]. Despite the
relatively high level of self-sufficiency of agricultural products in Finland, there has been a growing
trend of importing food and feed products, and a trade gap exists between imports and exports.
The first assessment was based on data from 1995–1999 by Antikainen et al. 2005 [21], but since 1995
Finland joined the EU, which led to increasing agricultural trade. For example, in 2007–2011, Finland
imported 188,000 tons of soybeans and 245,000 tons of rapeseed [23], and in total about 30% of all food
was imported, and exports remained lower than imports [24]. Since over 70% of agriculture trade,
measured by nitrogen, is feed for animals, it is possible to pinpoint the eutrophication risk areas by
agriculture with the help of additional data on the distribution of feed use throughout the country.
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However, manure nutrients themselves are not a problem if there is enough agricultural land to utilize
manure for fertilization. Furthermore, a time series analysis can offer insight on both historical and
current situation, and possible future trends for policy considerations.
The present paper aims to assess the contribution of the trade of food and feed products as nutrient
inputs to the Finnish food system from 1996 to 2014. Our goals are (i) to analyze trends and assess the
importance of trade of food products as a carrier for nutrient inputs; (ii) to quantify the import and
export and net flows of nitrogen, phosphorus, and potassium by sub-groups; (iii) to illustrate the spatial
distribution of nutrients from imported feeds in animal manure. Understanding the contribution of
the imported nutrients helps us to understand total nutrient inputs to the Finnish food production
system and to focus actions on areas where possibilities of reducing non-point source nutrients remain.
2. Materials and Methods
2.1. System Description
A system is a group of interacting units that form a unified entity, which is limited by defined
system borders. In this study, the system borders were the geographical borders of Finland, and within
Finland, the food system. Here, the food system was defined as a system that includes domestic
agricultural production and the trade of food and feed (Figure 1). It was assumed that all the nutrients
reported as fertilizer use were used to fertilize the agricultural land. The domestic production of
industrial mineral fertilizers, such as 877 Gg P-rock, was mined for utilization in 2013 [25], which are
mostly exported, were not included in the system as these bypass the Finnish agri-food system.
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Figure 1. Simplified Finnish food system indicated with a dashed line, and the arrows indicate the
most significant input and output flows. Atmospheric deposition and losses are omitted. Domestic
consumption, indicated with gray, is shown, but it was not analyzed in this study.
A distinction was made between primary nutrients and secondary nutrients, which reflect the
long-term and short-term cycling times [26,27]. Primary nutrients are virgin minerals due their
geological cycle of millions of years. Secondary nutrients are organic materials in the food system.
However, here, imported secondary nutrients were considered as primary nutrient inputs because they
increase the total input nutrients available inside the system boundaries of the Finnish agri-system.
This distinction is important. Secondary nutrients, such as manure, that are produced within the
Finnish agricultural system are circulated primary nutrients embedded in the organic materials within
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the system. However, with trade, new nutrients are introduced to the system, and, respectively,
exported products exit the system. Intentional biological nitrogen fixation was omitted because it is
estimated to be less than 4% of total nutrients, approximately 5.0 kg N ha−1 y−1 [28].
2.2. Data and Calculation Methods
The flows were divided into different categories using the United Nations Comtrade Standard
International Trade Classification (SITC5) (divisions 00-09, 11, 22 and 291), which were selected to
include food, feed, and pet food divisions to the Finnish food system (FFS). SITC statistical classification
describes trade by different level categories from largest to smallest: division, groups, subgroups,
and basic headings, respectively. Animal products that are not food products were not included,
such as furs and animal skins. Basic headings that could not be parametrized due to heterogeneity
were not included (3% of total mass flow). Additionally, classes with a minimal quantity were not
included. The excluded classes were also initially calculated to be low in volume and in nutrient
content, which, in the end, resulted in 326 basic headings being included. By including more basic
headings than in previous assessments [20,21], increased accuracy was targeted. The chosen unit
was Gg of nutrients for nitrogen (N), phosphorus (P), and potassium (K). The P205 was converted
to elemental phosphorus by dividing by 2.2915. The K2O was converted to elemental potassium by
dividing by 1.2046. The elemental substance flow analysis is the standard method and it enabled
comparisons to previous studies [20,21,29].
The principal method was substance flow analysis (SFA) [30–32]. In SFA, a defined common unit
of substance is used to analyze mass flows utilizing the mass balance principle. In this study, the N, P,
and K units were used to form a time series of the flows of nutrients in food and feed and to analyze
trends over the past two decades. The baseline year was 1996 for the nutrient use level for cumulative
comparisons. The net balance of import and export flows in traded food and feed is compared to the
use of N, P, and K as fertilizer inputs in Finnish agriculture [33,34].
Quantifying trade nutrients is a four-step process (Figure 2). (1) The export and import data
used in the study were derived from the Finnish foreign trade statistics, 1996–2014 [35]. As the
classification has changed over time, the data were modified to fit the SITC statistical classification
of current statistical classes (SITC rev. 4) per the guides by the Finnish foreign trade statistics and
United Nations conversion and correspondence tables. Then, data were consolidated from a monthly
to yearly format. (2) Parameter tables that include the nutrient content factors were formed from
databases and literature [36–39]. (3) An uncertainty analysis was done for the individual SITC classes
and the lower and upper bounds of nutrient content were formed [40,41]. (4) Confidence intervals for
quantified nutrients were formed for the time series. The net balance describes the potential deficit or
surplus of the Finnish food system from the trade of food and feed for N, P, and K without fertilizers.
The net balance from food and feed trade for each nutrient was calculated as (Equation (1)). Balances
were classified hierarchically in division, group, subgroups, and basic heading levels according to
SITC5 classification.
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Figure 2. Flow diagram of the data processing of the substance flow analysis (SFA) time-series
calculation for nutrients in food and feed.
The net balance of food and feed trade for each nutrient was calculated, as shown in Equation (1):
Net balance of nutrients 95% conf. = import flow − export flow ± uncertainty (1)
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Lastly, to illustrate the spatial distribution of imported feeds, the nutrient content distribution of
manure was calculated. National averages of farm animal excretion rates [42] were multiplied by areal
animal densities for each animal species [43] to calculate estimates by the municipality, of which there
were 320 in 2014. These total excreta values were then transformed to the availability of nutrients per
hectare of agricultural area by municipality [34]. The ex-housing manure N and P output contents,
where losses were not factored in, were directly compared to the feed input N contents. The division
of feed N to utilized N, N2O, and NH3 losses, erosion risk, and leaching were beyond the scope of
this study.
2.3. Uncertainty Analysis
The SFA method is vulnerable to multiplying the errors of multiple input values. Therefore,
uncertainties were assessed. Nutrient flows in trade were calculated from table values of the composition
of the food and feed products. Such table values represent an unknown range of varying values with
an assumed normal distribution. The variability stems from the fact that within food basic headings,
dry matter content and nutrient contents typically vary from one traded lot to another. There were
also other sources of uncertainty. The uncertainty for each basic heading was assessed based on the
quality of each input data source. The data quality levels were formed as described by Hedbrant
(2001) [40]. Each source value has uncertainties based on the source quality of the data, which were
obtained by an individual assessment of values. As uncertainty was not known, but a typical range
can be defined, the data quality was assessed based on levels (Table 1). Levels 1–4 are given to each
value of each the SITC heading level depending on the quality of the source data. For each class from
these assessed uncertainties, multiplication was done by Taylor series expansion for a calculation
of the variance of multiplied variables [40]. In this approach, all trade nutrient values have source
value-based uncertainty that can be estimated, and the assessor bias is controlled by using clear levels.
Table 1. Levels and used intervals of uncertainty analysis.
Level Uncertainty Interval Reference: Example:
1 1.05 Official statistics of Finland,Official feed database
Foreign trade statistics,
composition of wheat
2 1.1
Foreign feed databases such as
AGROSCOPE, FAO feed
tables or USDA
The composition of
soybean meal
3 1.2
Official statistics with a
methodology based on national
averages or other national studies
The composition of
foodstuff preparations
based on national
consumption averages of
the product group
4 1.33
Values from literature without
reference, methodology,
significantly scaled values or
assumptions of contents of variable
content based on interviews
Composition of
composite feed by
average composition
of constituents
2.4. Data Exploration and Statistical Analysis
Firstly, comprehensive visual data explorations of the individual division and heading level were
performed and the data were validated against errors. Secondly, trends for total N, P, and K and
division were tested with the Mann-Kendall non-parametric test of monotone trends, which, earlier,
has been used to calculate potential trends of nutrient loads in seasonal time series, such as, riverine
flows [44], air [45], and water quality [46]. Thirdly, slopes of statistically significant trends were
estimated by the Theil-Sen method for linear trends [44,46]. The Theil-Sen method was chosen because
of its robustness, as trade flows are volatile between years and often have periodic fluctuations by
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year. Further details about the Theil-Sen method are given by Larsen and Svendsen [47]. The analyses
were performed in R 3.4.3, whilst the Mann-Kendall tests and Theil-Sen trends were conducted with
trend package 0.2 and confidence intervals calculated as described in MAKESENSE 1.0 [48] in R.
The visualizations were produced with the ggplot2 package and the map was generated in Python
3.7.0 utilizing OpenStreetMap and coordinates [49]. The correlation of the price of cereals and net
nitrogen trade was calculated based on indexed values with a base year of 1996 and price data based
on producer prices [34].
3. Results
3.1. Trade Quantities and Trend Analysis
The trade of food and feed grew 58%, by mass, in the last two decades, and the net inflow of mass
rose to 1100 Gg. Net flows of N, P, and K to the Finnish food and agriculture system were positive
throughout the period (Figure 3). Linear Theil-Sen’s slope estimates for the N, P, and K were positive
for the import, exports, and net flows (in detail in Section 3.2, Table 2). Additionally, the significance of
the Mann-Kendall test showed a probable trend with N, P, and K export and import flows but not
with the net flows (α < 0.01). The mean annual net trade balances over the two decades were 22.15
± 4.22 Gg N−1, 2.14 ± 1.11 Gg P−1, and 7.97 ± 1.19 Gg K−1. There was considerable volatility in the
net nutrient balance. The growth of imports was more stable than the growth of export, and export
volatility may explain the changes of surpluses between years and why net flows are not significant
trends in this period, despite the Theil-Sens’s test showing a steeper slope for imports than exports
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Table 2. Theil-Sen’s slope estimates and Mann-Kendall tests significance 1996–2014.
(A) Nitrogen (N) Phosphorus (P) Potassium (K) (C)
Total flow Trend Q Sig. Trend Q Sig. Trend Q Sig. N
In flow ↗ 0.802 *** ↗ 0.180 *** ↗ 0.222 *** 53.57 ± 6.90
Out flow ↗ 0.553 ** ↗ 0.102 ** ↗ 0.127 ** 28.99 ± 3.73
Net flow ↗ 0.277 ↗ 0.120 ↗ 0.091 24.58 ± 3.16
(B) Net flows by division (SITC statistical groups) N
00–Live animals ↗ 0.0057 *** ↗ 0.0004 ** ↗ 0.0005 *** 0.091 ± 0.04
01–Meat ↗ 0.0260 ↗ 0.0015 ↗ 0.0037 0.351 ± 0.05
02–Dairy and eggs ↗ 0.0609 ** ↗ 0.0004 ↗ −0.0200 ** 0.487 ± 0.07
03–Fish ↘ −0.0265 *** ↘ −0.0023 + ↘ −0.0061 *** 0.395 ± 0.06
04–Cereals ↘ −0.5276 ** ↘ −0.0861 * ↘ −0.1242 ** −14.95 ± 1.78
05–Vegetables and fruit ↗ 0.0262 *** ↗ 0.0044 *** ↗ 0.0290 *** 1.344 ± 0.21
06–Sugars and honey ↗ 0.0028 + ↗ 0.0015 ** ↗ 0.0260 ** 0.711 ± 0.09
07–Coffee, tea, cocoa and spices ↗ 0.0118 *** ↗ 0.0037 ** ↗ 0.0164 *** 0.213 ± 0.03
08–Feeds ↗ 0.9313 *** ↗ 0.1802 *** ↗ 0.2795 *** 27.03 ± 3.39
09–Other foodstuffs ↗ 0.0083 ↗ 0.0009 ↗ 0.0047 * 0.236 ± 0.03
11–Beverages ↗ 0.0034 *** ↗ 0.0010 *** ↗ 0.0042 *** 0.027 ± 0.01
22–Oil-seeds ↘ −0.3802 *** ↘ −0.0377 *** ↘ −0.1128 *** 6.873 ± 0.60
291–Crude materials ↘ −0.0895 + ↘ −0.0121 ↘ −0.0090 + 1.775 ± 0.41
(A) In, out, and net flows of N, P, and K. (B) Divisions summary statistics of the net N flows. The last column on the
right, shows flow volumes in Nitrogen Gg y−1 for 2014. Q is the linear Theil-Sen’s slope estimate. Value describes the
direction and steepness of the slope, which is indicated with directional trend arrow. Sig. refers to the Mann-Kendall
test significance at probability levels. The probability of the trend *** is α = 0.001, ** is α = 0.01, * is α = 0.05 and + is
α = 0.1 level of significance. Column (C) nitrogen Gg y−1. In, out, and net flows, and upper and lower boundaries
based on the average uncertainty of the division. Positive numbers mean net inflow and negative numbers net
outflow within the division, and similarly, a negative Q means a slope towards increasing exports.
Despite the lack of trend for net flows, positive nutrient balances have led to cumulative surpluses
by trade. The virtual net stock buildup was 419 Gg N, 44 Gg P, and 151 Gg K. In comparison, these
amounts equal to 2.8, 3.8, and 4.6 times the consumption of N, P, and K in mineral fertilizers in 2014.
The primary inputs for N, which is the sum of the use of industrial fertilizer nutrient inputs, and
the net trade of N have reduced 13% in the period. The cumulative surplus N in trade (419 Gg N)
is of the same magnitude as the cumulative reduction in fertilizer use (450 Gg N) during the period
(Figure 4). For P, the reduction (49%) in fertilizer use has been higher (259 Gg P) than the cumulative
trade surplus (44 Gg). For K, the reduction in fertilizer use (324 Gg K) is also more significant (49%)
than the cumulative K surplus in trade (151 Gg). In 2014, 53 Gg of N, 8 Gg of P, and 15 Gg of K were
imported due to trade, equating to 35%, 70%, and 45%, respectively, compared to the use of fertilizers
in the food system. The relative contribution of trade nutrient imports has increased over time, as,
earlier, the contribution was in N 19%, P 21%, and K 16% in 1996. The contribution has increased
because of lower amounts of fertilizer use and higher amounts of imported nutrients, which are mostly
animal feed. However, the export volumes have also grown.
3.2. Analysis of Sub-Group and Heading Level Flows
The detailed sub-flow output shows high volumes of feeds, oil-seeds, and cereals (Table 2).
The N contained in the feeds shows a strong trend of increasing volume, and there is an imbalance
of imports and exports. Net imported feeds and oils-seeds were double the net exported cereals
measured by N. However, in basic heading level analysis (data not shown), soybean meal and rapeseed
meal seemed to have grown faster than oil-seeds have declined. A heading level analysis of N content
shows the common feed items, which have high import volumes (Figure 5). Soybean and rapeseed
meals and whole seeds are also one of the most significant imports. In direct human consumption,
only a few items are among the highest volume headings, such as seafood, cheese, coffee and macaroni.
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(A) Nitrogen (N) Phosphorus (P) Potassium (K) (C) 
Total flow Trend Q Sig. Trend Q Sig. Trend Q Sig. N 
In flow ↗ 0.802 *** ↗ 0.180 *** ↗ 0.222 *** 53.57 ± 6.90 
Out flow ↗ 0.553 ** ↗ 0.102 ** ↗ 0.127 ** 28.99 ± 3.73 
Net flow ↗ 0.277  ↗ 0.120  ↗ 0.091  24.58 ± 3.16 
(B) Net flows by division (SITC statistical groups)     N 
00–Live animals ↗ 0.0057 *** ↗ 0.0004 ** ↗ 0.0005 *** 0.091 ± 0.04 
01–Meat ↗ 0.0260  ↗ 0.0015  ↗ 0.0037  0.351 ± 0.05 
02–Dairy and 
eggs 
↗ 0.0609 ** ↗ 0.0004  ↗ −0.0200 ** 0.487 ± 0.07 
03–Fish ↘ −0.0265 *** ↘ −0.0023 + ↘ −0.0061 *** 0.395 ± 0.06 
04–Cereals ↘ −0.5276 ** ↘ −0.0861 * ↘ −0.1242 ** −14.95 ± 1.78 
05–Vegetables 
and fruit 
↗ 0.0262 *** ↗ 0.0044 *** ↗ 0.0290 *** 1.344 ± 0.21 
06–Sugars and 
honey 
↗ 0.0028 + ↗ 0.0015 ** ↗ 0.0260 ** 0.711 ± 0.09 
07–Coffee, tea, 
cocoa and spices 
↗ 0.0118 *** ↗ 0.0037 ** ↗ 0.0164 *** 0.213 ± 0.03 
Figure 4. Agricultural nut ie t input use of nitrog hosphorus, and potassium in fertilizers [34],
and calculated inflow as trade balance (imports-exports) in food and fee trade of these nutrients to
the Finnish agri-food system in 1996–2014. The atmospheric deposition or biological nutrient fixation
(BNF) of nutrients is not included. The nutrient masses are expressed as chemical element masses.
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Cereals are one of the main exports, in mass and measured by N (63%). Export volatility might be
explained by the high level of cereals, which are susceptible to changes in global prices. The indexed
price of barley, which was one of the main exports, had a positive (0.79) correlation with the net
nitrogen balance of trade with a time lag of one year. A possible explanation is that the low price
of barley, after a time delay, may lead to high levels of cereal exports, which reduce the net imports
of N by increasing exports. Due to low nutrient contents in fresh weight, the net imported mass of
vegetables and fruits was relatively high in 2014. For example, the total imported mass of 633 Gg only
contained 1.34 N Gg, 0.2 P Gg, and 1.5 K Gg.
3.3. Spatial Distribution of Nutrients
In terms of nitrogen content, of the imported nutrients, approximately 70% are animal feeds
and 16% are meat, dairy, or fish products. Goods consumed directly by consumers are less than
10% of the imported nutrients, judged by the type of materials. The animal husbandry embedded
nutrients in the manure were 94.4 Gg N y−1, 19.0 Gg P y−1, and 102.1 Gg K y−1 in 2014. Imported feeds
contributed to 35.9% for N and 14.7% for P of manure content in manure. The animal husbandry is
not spatially uniformly distributed in Finland. The highest amounts of manure N are concentrated
in the Ostrobothnia region (Figure 6). Therefore, it is likely that, still, the nutrients enrich these
intensive animal production regions. However, as the bulk of the cereals for feed is produced in the
South, Finland’s production may also concentrate nutrients in these animal intensive areas. Therefore,
the nutrient inputs at the municipal level are likely to reflect the distribution of import flows from
trade and, more specifically, follow the use of manure. The nutrients are distributed according to the
numbers and diets of the animals in the above-mentioned areas. However, it has to be noted that above
66◦ northern latitude the utilized agricultural area is less than 5% of land area in most municipalities
and the animal numbers are lower, so the total nutrient quantity in manure is not high [50]. For P,
a respective map can be found in Appendix A.
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4. Discussion
Many policies target limiting nutrient inputs, such as fertilizers to the food system, to reduce the
environmental impacts of agriculture. This study suggests that imported agricultural feed and food
can create a significant input that might need more attention for environmental management. High
total inputs may lead to eutrophication in sensitive areas. There is already considerable monitoring of
nutrient concentrations in the Baltic Sea, and the condition has improved, but not enough to reach good
levels [19]. By this methodology, it would be possible analyze changes in globally-traded nutrients,
calculate contribution of traded nutrient inputs, and pinpoint other agricultural hotspots around the
Baltic Sea and elsewhere in the world.
The nutrient contents of the trade flows have been estimated before. Using data between 1995
and 1999 Antikainen et al. (2005) estimated the net nutrient trade balances to be 14.5 Gg N y−1
and 0.6 Gg P y−1 [20]. In this study, in 1996–1999, when the same trade categories are compared,
the estimated net balance is the same, but if all categories are included, the import N and P flow are
approximately 25% higher. In this study (2000–2004), net balances were to 21.2 Gg N y−1, 2.3 Gg P
y−1, and 7.7 Gg K y−1. From 2005 to 2009, the surpluses increased to 24.3 Gg N y−1, 2.4 Gg P y−1,
and 8.9 Gg K y−1. In 2010–2014, the surpluses were 22.3 Gg N y−1, 2.3 Gg P y−1, and 8.0 Gg K y−1.
Therefore, the net imports of nutrients have increased considerably since 1995.
When the same import categories are compared, for the year 2005, Van Dijk et al. 2016 [29] got
larger values (7.7 Gg y−1) for P imports (13% higher), which is within the 95% confidence interval
of the value obtained in this study (6.8 ± 0.89 Gg P y−1). An additional category that van Dijk et al.
included was feed additives (especially CaHPO4, CaH4P2O8, and CaMgO4P+), which were 2.4 Gg P y−1
imported in 2005. This study had data from 2002 to 2014 for feed additives, but, since the lack of
complete time series, we did not include feed additives to the time series. However, the feed additive
use has been reduced from 2.6 to 0.4 Gg P y−1 in the period of 2002–2014. Therefore, this study is more
conservative for P than van Dijk et al. However, compared to Antikainen et al., since the addition of
trade categories, this study shows higher values for N and P trade flows, so the trade values seem to
be in between the two different studies.
The imported food products cause a nutrient trade surplus of a similar magnitude to that achieved
by the N fertilizer input use restriction policies used to lower the N input use to agricultural land.
Therefore, nutrient trade surplus may explain why the measured flow and the normalized N flow in
rivers has not declined correspondingly [19] despite considerably lower N industrial fertilizer use.
The total input or the net anthropogenic nitrogen inputs (NANI) and net anthropogenic phosphorus
inputs (NAPI), which include feed imports, have shown a strong relationship between N and P inputs
and riverine total N and P fluxes before [51]. The total input of new nutrients to the system has been
reduced to less than what the reduction in fertilizer inputs would initially suggest. Primary inputs
have only declined from 1996 to 2014 by 13% if net imported N is taken into account. If exports are not
subtracted, systemic inputs only reduced by 6%.
Mineral P fertilizer use has declined much faster than the growth of imports in trade, so the total
P inputs have sharply declined. Partly also because of the introduction of the phytase enzyme, which
reduces the phosphorus needed in animal diets [52]. However, the share of net P trade is 19% of
total primary P use in 2014. K fertilization has also declined, which is perhaps due to the fact that
many formulations of fertilizers include potassium nitrate (KNO3), and therefore the K fertilization
was partly linked to the amount of N used. This relationship has weakened as a new formulation of
fertilizers, with a higher share of ammonia nitrate (NH4NO3), has become more common because of
the cost of potassium and the fact that it is a more efficient carrier of N than KNO3. This may be why
potassium fertilization has declined.
The contribution of manure to eutrophication has been established in other studies [53,54]. In this
study, directly assessing the contribution of positive nutrient balances in general or dividing to various
input flows at the system level to eutrophication was not an aim. However, by partitioning the feed
inputs, we were able to assess the contribution of imported feed nutrients and suggest the spatial
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distribution based on animal densities. We showed that imported feeds have a significant part of
the nutrients in the manure inputs. This we expect to be true for countries of input-intensive animal
farming in general, not only in the Finnish case. The values in this study are in a similar range to
that previously proposed for N [55] and P [17]. However, when using municipality levels instead of
counties, a more considerable heterogeneity exists. A municipality level assessment is done previously
for P [50], where a similar heterogeneity was observed. Also, the high manure input areas in the P
distribution map (Appendix A) correspond well with the average soil stocks measured by the soil tests
of Ylivainio et al. [50], which further indicates, at the very least, a prior role of manure P in soil P stocks.
Hong et al. 2017 [51] reported, in a NUTS2 level analysis, similar values for N and P embedded in
trade and trends between 2000 and 2010.
The total P in manure found in this study is approximately 2 Gt higher than that reported by
Ylivainio et al. [50], who used the species specific excretion rates of Grönroos et al. [50]. The difference
in results from the updated excretion rates [42] used in this study: these are, overall, slightly higher
than the excretion rates used previously by Grönroos et al. [50]. Additionally, for nitrogen, the updated
excretion rates are higher. The most significant differences between the old and the new ex housing
N excretion rates are in cattle and poultry, which are 11% higher for dairy cows and 28% higher for
broilers. The new values are closer to the values used in Denmark and Sweden [56]. The increase in
excretion rates may be due to changes in the animals’ diets, but the diet comparison is outside the
scope of this study.
During this study period, the human population has grown approximately 6% and the nutrients
contained in manure may have increased because of the demands of goods by humans. However, we see
that the increase may be because of multiple reasons, which could be a combination of the following:
(1) the increase of average animal numbers per farm and increased production per animal unit [57].
(2) The increased quality and nutrient content of feeds, which may be due to imported feeds, such as
rapeseed and soy, which have led to a reduction of roughage usage as a primary cattle feed (54% dry
matter intake) [22]. These structural and operative changes may have led to an increased production
intensity and larger animal units, which could lead to higher nutrient contents in fewer locations.
In Finland, manures are usually not processed, so it is reasonable to assume that the manure is
incorporated into fields within 25 km from the farms because of transport costs. Therefore, the areas
shown are only potential areas of higher manure enrichment. We determined the contribution of
trade nutrients embedded in manure flows. A direct link between eutrophication potential and trade
imported feeds would require further study on the assimilation of nutrients by animals, losses from
feed conversion, losses from ammonia at manure storage, combined with feeding rates and spatially
explicit mapping of manure spreading. There are several other factors affecting eutrophication risk
from manure as well as mineral fertilizers not included in this study, such as soil type and quality, the
risk of erosion, and agricultural practices that vary between farms and regions.
5. Conclusions
The analysis of food and agricultural trade in Finland shows the growing net imports of nutrients
(N, P, and K) from 1996 to 2014. Before, fertilizers constituted a higher a proportion of the total
agricultural N inputs than they do now. Therefore, agricultural food and feed imports have partly
displaced the food system’s primary fertilizer inputs. Agricultural and environmental policies have
aimed to lower eutrophication and other ecosystem impacts by reducing fertilization limits. Despite
the reduction of fertilizer use, only moderate reductions in nutrient inputs have been achieved.
For example, the net input of nitrogen has only declined by 13%. Significant new sources of nutrients
are imported via trade. The feed imports end up feeding farm animals and hence contribute to the
flow of manure nutrients into agricultural land. This is already creating an eutrophication risk in areas
of high animal density, where nutrient balances per ha of agricultural land are positive. The problem
of high animal density areas having nutrient surpluses remains. In future, if the target is to lower
potential nutrient loss impacts from agriculture, more attention should be paid to imported feeds,
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the positive trade balance of plant nutrients, and the spatial distribution of the nutrient flows. Higher
nutrient and animal feed self-sufficiency could also be solutions. As in Finland, the bulk of animal
production is concentrated in municipalities in the Ostrobothnia region and the Southwest, near the
Baltic Sea. One potential solution is the manure processing into fertilizer products that are to be
exported, but there are only few permitted, economical, and feasible methods available. Animal
by-product legislation 1069/2009/EC prevents further refinement of manure, for example, feeding
insect larvae on manure or other use of biotechnology, which could potentially upcycle manure to
higher-value products. The methodology we used is available for detecting potentials and introducing
policy tools for reducing agricultural nutrient excess. An even more accurate method could be to use
the specific coordinates of the farms. In order to link the manure nutrient inputs to eutrophication,
more detailed budgeting could provide further proof.
Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/2/702/s1.
Data Table S1 excel table containing the trade, arable land and population data used in this study. Data Table S2
excel table containing consolidated trade data quantities, provided as an example of the whole dataset and the
included headings from SITC5 classification for 2014.
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Figure A1. Manure P divided by agricultural land area of municipalities in Finland in 2014 (P kg-1 
arable ha-1 y-1). The picture is based on farm animal numbers including horses and fur animals in each 
county (Official Statistics of Finland (OSF), 2018), multiplied by corresponding phosphorus excretion 
rates (Luostarinen et al., 2017). Approximately 14.7% of manure P content is estimated to originate 
from imported feeds. 
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